RacoonWW is the first Monte Carlo generator for e + e − → WW → 4f (+γ) that includes the electroweak O(α) radiative corrections in the double-pole approximation completely. Some numerical results for LEP2 energies are discussed, and the predictions for the total W-pair cross section are confronted with LEP2 data. 
W-pair production at LEP2
The investigation of W-pair production at LEP2 plays an important role in the verification of the Electroweak Standard Model (SM). Apart from the direct observation of the triple-gauge-boson couplings in e + e − → W + W − , the increasing accuracy in the W-pair-production cross-section and W-mass measurements has put this process into the row of SM precision tests.
To account for the high experimental accuracy 1,2 , on the theoretical side is a great challenge: the W bosons have to be treated as resonances in the full four-fermion processes e + e − → 4f , and radiative corrections need to be included. While several lowest-order predictions are based on the full set of Feynman diagrams, only very few calculations include radiative corrections beyond the level of universal effects (see Refs. 3,4 and references therein). Fortunately, to match the experimental precision for W-pair production at LEP2 a full one-loop calculation for the four-fermion processes is not needed, and it is sufficient to take into account only those radiative corrections that are enhanced by two resonant W bosons. A naive estimate of the neglected corrections yields (α/π)(Γ W /M W ) ∼ 0.5%. The theoretically clean way to carry out this approximation is the expansion about the two resonance poles, which is called double-pole approximation (DPA) 5 . A full description of this strategy and of different variants used in the literature 6, 7, 8 Fig. 1 , in which the shaded blobs contain all one-loop corrections to the on-shell production and onshell decay processes, and the open blobs include the corrections to the W propagators. For the corresponding matrix element M the application of the DPA amounts to the replacement
where the originally gauge-dependent numerator
The one-loop corrections to this residue can be deduced from the known results for the pair production and the decay of on-shell W bosons. However, the spin correlations between the two W decays should be taken into account.
Non-factorizable corrections 11 comprise all those doubly-resonant corrections that are not yet contained in the factorizable ones, and include, in particular, all diagrams involving particle exchange between the subprocesses. Such diagrams only lead to doubly-resonant contributions if the exchanged particle is a photon with energy E γ < ∼ Γ W ; all other non-factorizable diagrams are negligible in DPA. A typical diagram for a virtual non-factorizable correction is shown on the r.h.s. in Fig. 1 , where the full blob represents tree-level subgraphs. We note that diagrams involving photon exchange between the W bosons contribute both to factorizable and nonfactorizable corrections; otherwise the splitting into those parts would not be gauge-invariant.
In RacoonWW the virtual corrections are treated in DPA, including the full set of factorizable and non-factorizable O(α) corrections. The real corrections are calculated from full matrix elements for e + e − → 4f γ, as described in Ref. 12, i.e. the DPA is not used in this part. In this way, we avoid potential problems in the definition of the DPA for the emission of photons with energies E γ ∼ Γ W . On the other hand, this asymmetry in the calculation of virtual and real corrections requires particular care concerning the structure of IR and mass singularities. The singularities have the form of a universal radiator function convoluted with the respective lowestorder matrix element squared |M 0 | 2 of the non-radiative process. Since the virtual corrections are calculated in DPA, but the full matrix element is used for the real photons, a simple summation of virtual and real corrections would lead to a mismatch in the singularity structure and eventually to totally wrong results. Therefore, we extract those singular parts from the real photon contribution that exactly match the singular parts of the virtual photon contribution, then replace in these terms the full |M 0 | 2 by the one calculated in DPA, and finally add this modified part to the virtual corrections. This modification is allowed within DPA and leads to a proper matching of all IR and mass singularities. This treatment has been carried out in two different ways, once following phase-space slicing, once using the subtraction formalism of Ref. 13 . Beyond O(α), RacoonWW includes soft-photon exponentiation and leading higher-order ISR effects in the structure-function approach. Using G µ as input parameter instead of α(0), also the leading effects from ∆α and ∆ρ are absorbed and partially resummed in the lowest order.
Phenomenological results
A survey of numerical results obtained with RacoonWW has already been presented in Ref. 9 for LEP2 and linear-collider energies. Here we only review the W invariant-mass distribution given there and extend the results for the total cross section. Figure 2 (l.h.s.) shows the invariant-mass distribution of the dū quark pair for the semileptonic channel e + e − → ν µ µ + dū at √ s = 200 GeV at tree-level and with electroweak O(α) corrections for two different recombination cuts, M rec = 5 and 25 GeV. The recombination of photons with final-state charged fermions is performed as described in Ref. 9 : we first determine the lowest invariant mass M γf built by an emitted photon and a charged final-state fermion. If M γf is smaller than M rec , the photon momentum is added to the one of the corresponding fermion f . The maxima of the corrected line shapes differ by up to 30-40 MeV for the two values of M rec . As expected, there is a tendency to shift the maxima to larger invariant masses if more and more photons are recombined. In Fig. 2 (r.h.s.) we display the relative corrections δ = dσ/dσ 0 − 1 for the two values of M rec , which illustrates the strong dependence of the corrected invariant-mass distributions on the treatment of the real photons. We obtain consistent results for the phasespace "slicing" and the "subtraction" methods. The size of the shown effects demonstrates that a careful treatment of real photons is mandatory in the W-mass reconstruction at LEP2 accuracy. Figure 3 shows a comparison of RacoonWW results and of other predictions with recent LEP2 data, as given by the LEP Electroweak Working Group 1, 14 . The data are in good agreement with the predictions of RacoonWW and YFSWW3 6 . The predictions of these two generators differ between 0.5-0.7%. § More details on the conceptual differences of the two generators, as well as a detailed comparison of numerical results, can be found in Ref. 4 . Figure 3 also includes the prediction provided by GENTLE 15 , which differs from the RacoonWW and YFSWW3 results by 2-2.5%. This difference is due to the neglect of non-leading, non- § Meanwhile the dominant source of this difference has been found, and the new results of YFSWW3 are closer to the results of RacoonWW. Details on the new YFSWW3 predictions can be found in Ref. 4 . universal O(α) corrections in GENTLE. In summary, the comparison between SM predictions with the precise measurements of the W-pair production cross section at LEP2 reveals evidence of non-leading electroweak radiative corrections beyond the level of universal effects.
